INTRODUCTION
Since the mid-1970s, large-scale episodic events such as disease epidemics, mass mortalities, and harmful algal blooms and other population explosions have been occurring in marine environments at a historically unprecedented rate (Harvell et al. 1999, ABSTRACT: Experiments were conducted to investigate the effects of farming sites, seeding date, age of oysters, ploidy level and rearing structures on mortality, pathogens and energetic reserves of oysters Crassostrea gigas. Mortality of oysters coincided with infections involving, primarily, the ostreid herpesvirus OsHV-1 and, secondarily, bacteria of the group Vibrio splendidus, when seawater temperature was between 17 and 24°C. Mortality started in early May and lasted until late September, with an interruption in July and August when seawater temperatures rose above 24°C. Mortality varied with farming site: oysters maintained in the open Mediterranean Sea showed no mortality and OsHV-1 was occasionally detected at a low level only, while oysters maintained in the farming area of the Thau lagoon exhibited mass mortality events concomitantly with outbreaks of OsHV-1. Mortality of oysters maintained in the Thau lagoon but outside the oyster farming area was sporadic and co incided with currents coming from the farming area where mortality was occurring. Mortality of oysters also varied with farming practices. Naïve oysters remained susceptible to pathogen-related mortality pressure during their first 2 yr, whereas oysters that had survived a mass mortality event in the past appeared resistant. Mortalities of diploid (2n) and triploid (3n) oysters were similar during spring but mortalities of 2n oysters were double those of 3n oysters during summer and autumn. Finally, oysters grown in Australian baskets suffered 80% mortality compared with only 30% among oysters cemented onto ropes. The effects of farming practices on mortality are discussed in relation to pathogens and energetic reserves of oysters.
2002, Lafferty et al. 2004 , Mydlarz et al. 2006 . Ecologically and economically important invertebrates have been affected by large-scale mass mortalities, generally related to infectious diseases (Mydlarz et al. 2006) . In aquaculture species, numerous diseases have emerged through pathogen exchange with wild populations, evolution of pathogenic from nonpathogenic microorganisms and anthropogenic transfer of stocks (Murray & Peeler 2005 , Peeler & Taylor 2011 . Characteristics of the aquaculture environment, such as hydrodynamic connectivity, mixing of waters and close proximity, exacerbate disease epidemics (McCallum et al. 2004 , Gustafson et al. 2007 , Viljugrein et al. 2009 , Salama & Murray 2011 .
During the springs and summers of 2008 and 2009, mass mortalities of 1-yr-old Crassostrea gigas occurred along all coasts of France when seawater temperature reached 16 to 17°C (Bédier 2010) . These mortality events represented the most serious ecological crisis ever to the French oyster production industry. One-yr-old oysters were decimated at levels ranging from 40 to 100%, depending on locations and batches, whereas older oysters were generally much less affected. For example, 10-mo-old oysters reared in the Thau lagoon (French Mediterranean coast) suffered 85% mortality during the spring− summer period of 2008, irrespective of their origins and ploidy levels (Pernet et al. 2010) . Similarly, 7-mo-old oysters deployed in Marennes-Oléron Bay (French Atlantic coast) in August 2009 showed ~50% mortality after only 17 d (Dégremont 2011) . Although oyster mortalities were mostly reported in France during this period, there were also several cases in Ireland and the Channel Islands (Lynch et al. 2011 , and there have been cases more recently in Australia and New Zealand (B. Zippel and H. Kaspar pers. comm.) .
Oysters sampled during mortality outbreaks in 2008 showed an elevated prevalence of the ostreid herpesvirus OsHV-1 compared with previous years (Segarra et al. 2010) . These authors characterised a genotype of OsHV-1 not previously reported, which was termed OsHV-1 μVar. The OsHV-1 μVar genotype was only detected in 2008 isolates, suggesting that it is an emergent genotype (Segarra et al. 2010) . In addition to this epidemiological work, experimental trials have shown a causal relationship between in fection with herpesvirus OsHV-1 μVar and oyster mortality (Schikorski et al. 2011a,b) . The latter authors showed that both intramuscular injections of viral suspensions prepared from naturally infected oysters and cohabitation assays between healthy and in fected oysters could induce up to 80% mortality within 3 d in healthy 1-yr-old oysters. Alongside the herpesvirus, Vibrio spp. are present as ubiquitous marine bacteria and are also frequently associated with severe mortalities in Crassostrea gigas in the field (Saulnier et al. 2010 ). More particularly, some bacterial isolates related to V. splendidus and V. aestuarianus induced mortality in healthy oysters under experimental conditions (Garnier et al. 2007 , De Decker et al. 2011 . A recent field experiment suggested that both herpesvirus OsHV-1 and, to a lesser extent, V. splendidus, could be involved in oyster mass mortality (Dégremont 2011) .
The effects of farming practices on oyster mortality have been poorly investigated in the past. Indeed, during the Morest programme (an Ifremer multidisciplinary research programme which aimed at investigating 'summer mortality' in adult oysters in France between 2001 and 2006) , mortality was investigated as a function of the 'shellfish farming ecosystem', a generic term encompassing temperature, rainfall, primary productivity and distance from the sediment (Samain & McCombie 2008) . However, several studies of finfish (Murray & Peeler 2005 , Krkošek 2010 and crustaceans (Lightner 2011) have suggested that aquaculture practices may play a role in disease management and mortality.
Although mass mortality phenomena are often related to infectious diseases, they can also reflect an unfavourable energetic balance. Oyster mortalities recorded between 2001 and 2006 occurred when seawater temperatures exceeded 19°C during the summer, which is also the time of year when oyster energetic resources are lowest and energy demand and reproductive effort are highest (Soletch nik et al. 1997 , Berthelin et al. 2000 , Delaporte et al. 2006 , Samain & McCombie 2008 . In 2008, 1-yr-old oysters sampled in the Thau lagoon showed a sharp decrease in carbohydrate concentration and arrested accumulation of lipid reserves before the mortalities occurred (Pernet et al. 2010) . It is therefore likely that young oysters go through a phase of energetic weakness during the spring, which renders them more susceptible to pathogen infections. In the same way, it is also possible that oysters with high energetic reserves of, for example, lipids and carbohydrates, are more resistant to pathogen infections than those with low levels.
In France, oyster seed originates from natural collection along the Atlantic coast on spat collectors or from hatcheries and nurseries. Grow-out is entirely sea-based and uses bottom, off-bottom and suspended culture methods. In the Mediterranean area, small seed is generally put in mesh bags, whereas larger oysters are held in cages or cemented onto vertical ropes which are then suspended above the bottom from culture tables (Barnabé & Doumenge 2001 , Gangnery 2003 , Laing 2009 ). In coastal lagoons, oyster seed is deployed during spring or autumn and reaches marketable size during the first year. Seed is either diploid (2n) or triploid (3n). Triploid oysters are preferred over diploid ones because they often show faster growth, better survival and a much smaller gonad development compared with their diploid counterparts (e.g. Nell 2002; for review, Normand et al. 2009 ). Although, in the past, 3n Crassostrea gigas usually showed higher resistance to summer mortality than 2n individuals (Normand et al. 2008 , Samain & McCombie 2008 , mortality recorded in the Thau lagoon in 2008 was similar in 2n and 3n oysters (Pernet et al. 2010) .
The first objective of the present study was to examine the effect of farming practices on oyster mortality. A set of 4 experiments was designed to investigate the effects of farming site, seeding date, oyster age, ploidy level, rearing structures and prior exposure to a mortality event, on mortality. These experiments allowed periods of mortality to be determined in relation to seawater temperature, and the susceptibility of oysters to the mass mortality pressure to be studied in relation to their age.
The second objective was to investigate the relationship between oyster mortality and pathogens in relation to farming practices. Although epidemiological and laboratory studies had strongly suggested that herpesvirus OsHV-1 μVar is associated with oyster mortality, the correlation remained to be demonstrated in the field. The role of bacteria such as Vibrio splendidus and V. aesturianus also required clarification. Additionally, the effects of farming practices on the transmission of herpesvirus and Vibrio spp. to Crassostrea gigas were unknown and required further investigation.
The third objective was to investigate the potential contribution of oyster energetic status to explaining oyster mortality and pathogen infection, in relation to farming practices. We hypothesised that farming practices influenced the energetic reserves of oysters, which could then affect their capacity to withstand pathogen infections and thus their mortality rates.
MATERIALS AND METHODS

Study site
The Thau lagoon on the French Mediterranean coast is an oyster farming area that accounts for ~10% of French Pacific oyster Crassostrea gigas production. Oyster growth rates in the lagoon are among the highest in France for this species (Gangnery et al. 2003) . The lagoon is 19 km long, 4.5 km wide and 5 m deep on average (Fig. 1) . Shellfish are cultured in 3 areas of the lagoon, namely Bouzigues, Mèze and Marseillan, covering about 20% of the total surface. The lagoon is almost closed off from the Mediterranean Sea, with only narrow connections through the Sète channel, other connections being negligible in terms of water exchange. We conducted our experiments at Marseillan, both inside and outside of the bivalve farming area of the lagoon, and in the open Mediterranean Sea within a mussel farming area (Fig. 1) .
Temperature monitoring
Temperatures were recorded every 10 min over a period of 2.5 yr starting in March 2009, using autonomous CTD multiparameter recorders (NKE Instrumentation) deployed at 2 experimental sites: (1) Mar- (Fig. 1 ).
Experimental design
Expt 1: Seeding date and age of oysters This experiment was designed to detect whether oysters acquire resistance to mortality as they age and develop. The data collected allowed us to define periods of mortality in relation to pathogens and seawater temperature.
Triploid oysters, purchased from a French commercial hatchery, were used for this study. Oysters were transferred on 23 June 2010 to the Thau lagoon, but experimental units (baskets) used in Expt 4 were constituted 4 Jan 2011 only. Remaining oysters (2n and 3n) from Expt 2 exposed to the mortality event during summer 2010 were pooled into 1 basket for each ploidy level due to low abundance after severe mortality Subsamples of the oysters maintained in the open sea were then transferred to the bivalve farming area of the Thau lagoon on 3 successive dates. See Table 1 for seeding (transfer) dates, SL and ages of 2n and 3n oysters.
When the batches of 2n and 3n oysters were transferred from the open sea experimental site to the Thau lagoon, they were placed in 3 Australian baskets per batch, at an initial density of 100 individuals per basket (Table 1) . Mortality of oysters and presence of pathogens were monitored according to seeding date and time after transfer to the Thau lagoon. As in Expt 1, seeding date, age and size of oysters were confounded. Pathogen analyses on oysters trans ferred on 12 March and 23 June were conducted on 6 pooled individuals sampled from each basket (n = 2 to 4 baskets). Oysters were collected on 15, 26 and 29 April for oysters transferred on 12 March, and 15 July, 12, 17, 19 and 23 August for those transferred on 23 June. For oysters transferred on 17 September, 3 oysters per Australian basket collected on 30 September were analysed individually (n = 9 individuals). All analyses were performed on living oysters.
Expt 3: Rearing structures and sites
The first objective of this experiment was to examine the effect of the 2 main oyster-rearing structures used in the Thau lagoon on mortality, pathogens and energetic reserves. For this experiment, we used triploid oysters purchased from a commercial hatchery, transferred to the Thau lagoon on 27 May 2010 (SL = 80 ± 12 mm [mean ± SD], age = 22 mo; see 'Expt 1: Seeding date and age of oysters', above). These oysters were either maintained in 3 Australian baskets as previously described, or cemented onto six 2.5 m long ropes (Table 1 ). Twenty groups of 3 oysters were evenly spaced along the length of each rope (Gangnery 2003) . Density of oysters in Australian baskets was at least 6 times higher than that of oysters cemented to ropes. Therefore, rearing structures and density are confounded. Three ropes were used specifically for studies on pathogen detection and energetic reserves, whereas the 3 other ropes were used for mortality counts. These animals were deployed within the oyster farming area of Marseillan.
The second objective of this experiment was to look at the effect of closeness to the farming area on oyster mortality, pathogens and energetic reserves. For each batch, 3 Australian baskets containing 100 oysters each were deployed within the Thau lagoon but outside of the farming area of Marseillan (Fig. 1) , allowing a comparison between the oysters that were grown within the main farming area with those grown outside of it.
As high mortality occurred in oysters maintained in Australian baskets, further transfers of triploid oysters were made from the open Mediterranean Sea on 23 June and 17 September 2010. These additional transfers allowed the continuation of mortality comparisons between oysters deployed inside and outside of the farmed area.
Mortality of oysters and presence of pathogens were monitored according to seeding date and time after transfer to the Thau lagoon. As in Expts 1 and 2, seeding date, age and size of oysters were confounded. On 4 June 2010, when differences in survival between treatments were observed, energetic analyses were carried out. Pathogen analyses were conducted on 3 individual oysters per Australian basket or rope (n = 9 individuals per treatment). Oysters were sampled on 27 May, 4 June, 7 June, 11 June, 15 July, 12 August, 17 August, 19 August, 23 August and 30 September 2010 (Table 1 ). All analyses were performed on living oysters.
In order to examine the hydrodynamic connectivity between the sites located inside and outside of the oyster farming area, current velocity and direction were measured using a tri-dimensional acoustic Doppler velocimeter (3D-ADCP, RDI-Teledyne). The 3D-ADCP was placed below the experimental oyster farming table, anchored to the bottom and set up to measure current velocity and direction at every centimetre of the entire water column.
Expt 4: Previous exposure to mortality
The objective of this experiment was to investigate whether mortality of oysters is influenced by previous exposure to a mortality event. Mortalities of 2n and 3n oysters transferred to the Thau lagoon on 23 June 2010, which thereafter suffered heavy losses in August of the same year (Expt 2, 'exposed groups'), were compared with oysters from the same batches that had been maintained in an area free of mortality in the open Mediterranean Sea until their transfer to the Thau lagoon on 10 January 2011 ('unexposed groups', also referred to as 'naïve').
All oysters were held in Australian baskets at an initial density of 60 oysters per basket ( Table 1 ). Oysters that had been exposed to the mortality event in 2010 were maintained in only one basket for each ploidy level. The number of oysters that survived the 2010 mortality event was too low to have several Australian baskets per ploidy level. Naïve 2n and 3n oysters were kept in 2 Australian baskets per ploidy level.
Variables
Mortality
Live and dead oysters were counted in each experimental unit (pearlnet, basket or rope) to determine cumulative mortality, which was expressed as a probability. Dead oysters were removed. Cumulative mortality was calculated as follows:
( 1) where P cum(t) is the probability of cumulative mortality at time t and P inst(t) is the probability of instantaneous mortality at time t, which is: (2) where nb. is number. P cum(t−1) is the probability of cumulative mortality at time t − 1 (previous sampling time). The latter formula allows the oysters sampled for pathogen detection and energetic reserve analyses to be taken into account.
Biometry
Oysters were sampled for shell length and tissue dry mass at the beginning of each experiment and at seeding in the Thau lagoon. Shell length, defined as the greatest anteroposterior length, was measured with a digital calliper (Mitutoyo) on a subsample of 25 oysters from each pearlnet and Australian basket. Dry masses were measured on 3 pooled individuals for small 1-yr-old oysters. For larger 2-yr-old oysters, dry masses were measured individually on 3 oysters per experimental unit. Tissues for dry mass measurements were placed in pre-weighed aluminium cups, dried for 72 h at 60°C and weighed on a Mettler precision balance (Mettler-Toledo).
Pathogens and energetic parameters
Whole oyster tissues were dipped into liquid nitrogen immediately after sampling and then stored at −80°C. Individual specimens or pooled oysters were ground with a MM400 homogeniser (Retsch) and the resulting powders stored at −80°C and subsampled for pathogen detection and biochemical analyses.
Pathology
DNA extraction
A subsample of oyster tissues (50 to 100 mg of fine powder) was diluted in artificial seawater (1:4, m/v). Total DNA was then extracted using a Qiagen QIAamp tissue mini kit according to the manufacturer's protocol. The extracted DNA was stored at −20°C prior to pathogen detection and quantification by quantitative PCR (qPCR). The detection and quantification of OsHV-1 DNA was carried out using a previously published realtime PCR protocol (Pepin et al. 2008) . Briefly, this protocol used SYBR ® Green chemistry with specific DPFor/DPRev primers targeting the region of the OsHV-1 genome predicted to encode a DNA polymerase catalytic subunit (Webb et al. 2007 ). Amplification reactions were performed using an Mx30005P real-time PCR thermocycler sequence detector (Strata gene) with 96-microwell plates, according to the conditions described by Pepin et al. (2008) . Results were expressed as viral DNA copy number mg −1 wet tissue. Based on data observed in 2009 and 2010 by the French network on mollusk pathology of the Ifremer (REseau PAthologie des MOllusques, REPAMO, 2009 REPAMO, , 2010 it can be argued that viral DNA detected in our study is essentially the genotype OsHV-1 μVar.
DNA quantification of Vibrio splendidus and V. aestuarianus
The detection and quantification of Vibrio splendidus and V. aestuarianus DNA was carried out using a previously published real-time PCR protocol (Saulnier et al. 2009 ). The method was adapted for direct detection of bacterial DNA from whole DNA extracted from oyster tissue. This method consists of qPCR multiplex DNA amplification of bacterial colonies with primers and a Taqman probe (SpF/SpR and Spprobe for V. splendidus; DNAjaesF1/DNAjaesR1 and DNAj probe for V. aestuarianus). All bacterial colonies belonging to the polyphyletic group of V. splendidus are specifically detected. This group is currently represented by 8 species: V. lentus, V. cyclitrophicus, V. pomeroyi, V. tasmaniensis, V. splendidus, V. kanaloae, V. gigantis and V. crassostreae. Similarly, all bacterial colonies belonging to V. aestuarianus were specifically detected. The results were expressed as bacterial colony forming unit (CFU) number mg −1 wet tissue.
Energetic parameters
Carbohydrates
Samples of 100 to 200 mg of fine powder were placed in Eppendorf tubes containing 1.5 ml nanopure water, homogenised for ~30 s on ice with a T10 basic ultra Turrax (IKA) and diluted 2.5, 5.0 or 10.0 times according to carbohydrate concentration. A subsample of the diluted powder (250 µl) was mixed with 500 µl phenol solution (5% m/v) and 2.5 ml H 2 SO 4 and incubated for 20 min (DuBois et al. 1956) . The subsample was then placed in a double-beam UV-visible spectrophotometer (UVmc2 SAFAS) and absorbance measured at 490 nm and 600 nm. Optical density (OD) was calculated according to the following formula:
Total carbohydrate concentration was then calculated using a standard calibration curve and expressed in mg g −1 dry mass of tissues.
Lipids
Powder aliquots (150 mg) were placed in amber glass vials filled with 3 ml chloroform-methanol (2:1, v/v) for further extraction following Folch et al. (1957) . Extracts were concentrated to 0.4 ml, and 4 µL of each was applied to SIII Chromarods (Iatron laboratories) using a 10 µl Hamilton air-tight glass syringe. A short development in acetone was used to concentrate the samples into a narrow band on the Chromarods. After drying the rods, lipid classes were separated in a stepwise procedure using developing solvents of increasing polarity (Parrish 1999) . This method separates aliphatic hydrocarbons, sterol and wax esters, ketones, triacylglycerols (TAG), free fatty acids, free fatty alcohols, free sterols, diacylglycerols, acetone mobile polar lipids and phospholipids. Between each development, the Chromarods were partially scanned by flame ionization detection (FID) on an Iatroscan MK-VI (Iatron Laboratories). Chromatograms were analysed using integration software (Peak Simple version 3.29, SRI). Lipid classes were quantified using standard calibration curves obtained for each lipid class. For the purpose of this study, only TAG in whole tissues of oysters are presented.
Enzymes
Powder samples (200 mg) were placed in Eppendorf tubes filled with 1 ml ice-cold lysis buffer (150 mM NaCl, 10 mM Tris, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.5% Igepal, 2 mM PMSF, 10 µg ml −1 leupeptin, 10 µg ml −1 aprotinin, 100 mM sodium fluoride, 10 nM sodium pyrophosphate, and 2 mM sodium orthovanadate; pH 7.4), and proteins were extracted as described by Corporeau et al. (2011) . Protein lysates were quantified using a DC protein assay (Bio-Rad) and diluted at the same concentration in ice-cold lysis buffer.
The activity of citrate synthase (CS; EC 4.1.3.7), a key enzyme of energetic metabolism, was assayed using the method of Childress & Somero (1979) . The assay reaction is based on the reaction of 5, 5'-dithiobis(2-nitrobenzoic acid) (DTNB) with the reactive −SH group of the free co-enzyme A. The 2-nitro-5-thiobenzoate (NTB) produced is yellow and its maximum absorbance is at ~412 nm.
The activities of hexokinase (HK; EC 2.7.1.1), pyruvate kinase (PK; EC 2.7.1.40) and phosphoenolpyruvate carboxykinase (PEPCK; EC 4.1.1.32) in oyster tissues were determined as described by Greenway & Storey (1999) . Increase in NADPH or decrease in NADH were followed by monitoring the absorbance at 340 nm.
All assays were made in duplicate at room temperature and initiated by mixing the enzyme buffer with 20 µl homogenate in a 220 µl total microplate-well volume. Absorbance was measured using a BioTek microplate reader (BioTek Instrument).
Statistical analyses
No statistical tests were performed on data collected in Expts 1 and 4. Both mortality and pathogen data were clear and no further statistical analysis was required. In Expts 2 and 3, statistical tests were conducted to test the effects of ploidy level and farming practices (a generic term which include both rearing structures and sites) on mortality, pathogen detection and energetic parameters.
Mortality
Mortalities in Expts 2 and 3 were analysed for each sampling date using the GENMOD procedure with a logit transformation and a binomial distribution as described by Dégremont (2011) . Briefly, the model is:
where Yi is the probability of mortality for the i th factor, μ is the intercept, and factor i is the effect of the ith factor. Multiple comparison tests were conducted using the least squares means statement and pdiff option. All survival analyses were conducted using SAS 9.1.3 (SAS Institute).
Pathogens
As no Vibrio aestuarianus was found in any oyster in this study, data on this pathogen was not included in the statistical analyses performed. Detection frequencies of OsHV-1 and Vibrio splendidus in Expt 3 were analysed by chi-square tests of independence using SAS 9.1.3 (SAS Institute).
Two-way repeated measures analyses of variance (ANOVAs) were used to compare differences in quantities of herpesvirus OsHV-1 and Vibrio splendidus DNA between ploidy levels in Expt 2 and between farming practices in Expt 3 (see Table 2 ). Three distinct ANOVAs were conducted within each of these experiments. In Expt 2, ANOVAs included the time periods from 15 to 29 April, 15 July to 23 August, and 30 September 2010 only. In Expt 3, ANOVAs included the time periods from 4 to 11 June, 15 July to 19 August, and 17 to 30 September 2010. Mauchly's test was used to assess whether datasets conformed to the sphericity assumption required for a repeated measures analysis. When the sphericity assumption was not met, the degrees of freedom (df) were adjusted accordingly, using the Huynh− Feldt correction. Data were log(x + 1) transformed to achieve normality of residuals and homogeneity of variances. These analyses were carried out using SPSS 15.0.
In Expt 3 and at the end of Expt 2, pathogen analyses were conducted on 3 individual oysters per rearing structure (baskets or ropes). It was therefore possible to run statistics using the variation among individual samples (n = 9) or the variation among replicates (n = 3). Although samples are 'pseudoreplicates' (Hurlbert 1984) , chi-square tests were conducted using individual measurements to maximise the number of observations for obtaining a valid test. In contrast, ANOVAs were conducted on mean values for each replicated rearing structure (baskets or ropes from which several oysters were taken) to properly reflect the experimental design.
Energetic parameters
One-way ANOVA was conducted to determine potential differences in energetic parameters of oysters according to farming practices when mortality started on 4 June 2010 in Expt 3 (see Table 3 ).
Oysters sampled in Expt 3 between 27 May and 7 June 2010 were classified according to their pathological status, irrespective of rearing structures or sites (see Table 4 ). Oysters were either pathogen free, infected by herpesvirus only, infected by Vibrio splendidus only or infected by both herpesvirus and V. splendidus. A 1-way ANOVA was then performed to determine differences in energetic parameters of oysters according to their pathological status.
Significant differences between all possible combinations of sample means were assessed using a post hoc Tukey's Honestly Significant Difference test or planned contrasts between group means. TAG data were log(x + 1) transformed to achieve normality of residuals and homogeneity of variances. These analyses were carried out using SPSS 15.0.
RESULTS
Seeding date and age of oysters (Expt 1)
Mortality
Oyster mortality occurred in the Thau lagoon when seawater temperature was between 17 and 24°C, irrespective of seeding date, age or size (Fig. 2) . There was no mortality between October and May, when seawater temperature was <17°C, or between 23 June 2010 and 9 August 2010, when seawater temperatures were between 24 and 28°C.
Cumulative mortality was 79 ± 11% (mean ± SD) over the springs of 2009 and 2010. During summer 2010, mortality reached only 58 ± 15%, when seawater temperature was close to 24°C. Finally, mortality decreased to 18 ± 14% and 30 ± 2% during autumn 2010 and spring 2011, respectively. Oyster batches that remained in the open sea did not suffer any mortality. Although seawater temperature in the open sea was markedly lower than that in the Thau lagoon, it was still >17°C during the summers of 2009 and 2010 (Fig. 2) . Therefore, oysters maintained in the open sea, in an area without mortalities, did not become resistant to the mortality pressures in the Thau lagoon during the first 2 yr.
Pathogens
OsHV-1 detection frequency in oysters maintained in the open sea, away from mortality risks, was only 36% (10 out of 28), and concentrations of viral DNA were 1 or 2 orders of magnitude lower than the threshold value of 10 4 DNA copy number mg −1 wet tissue (Fig. 3A) at which OsHV-1 is considered to be involved in mortality , Schikorski et al. 2011a ). In contrast, detection frequency and quantity of OsHV-1 DNA increased markedly during mortality events, attaining up to between 10 6 and 10 8 DNA copy number mg −1 wet tissue. When mortalities stabilised, detection frequency and quantity of OsHV-1 DNA decreased markedly (Fig. 3A) . During autumn 2011, detection frequency and quantity of viral DNA increased only moderately, coinciding with low mortality.
Detection frequency of the polyphyletic Vibrio splendidus bacterial group in oysters maintained in the open sea was 96% (27 out of 28), and mean concentration was 1.7 × 10 4 DNA copy number mg −1 wet tissue (Fig. 3B) . In oysters acclimated to the Thau lagoon, V. splendidus DNA was generally low in quantity or not detected. During the mortality events of April 2009 and 2010, detection frequency and quantity of V. splendidus DNA in oyster tissues increased markedly (Fig. 3B) . In contrast, V. splendidus re mained undetected during the mortalities recorded in June 2009 and August 2010.
Seeding date and ploidy level (Expt 2)
Mortality
As observed in Expt 1, mortality of diploid (2n) and triploid (3n) oysters transferred to the Thau lagoon in 2010 occurred when seawater temperature was between 17 and 24°C (Fig. 4) . There was no mortality The interaction of seeding date and ploidy level had an effect on mortality (Fig. 4) . Final spring mortalities were similar between 2n and 3n oysters (χ 2 tests, p > 0.050), but summer and autumn mortalities were higher in 2n oysters than 3n oysters. Although 2n and 3n oysters transferred to the Thau lagoon on 23 June 2010 died at the same rate between 12 and 19 August 2010 (χ 2 tests, p > 0.500), on 23 August, mortality of 3n oysters stabilised at ~26%, while mortality in 2n oysters reached 39% (χ 2 test, p = 0.001). Final mortality of 2n oysters was 2.3 times higher than that of 3n oysters (χ 2 test, p < 0.001). Similarly, final mortality of 2n oysters transferred to Thau lagoon on 17 September 2010 was 1.5 times higher than that of 3n oysters (χ 2 test, p = 0.031). Overall, spring mortality levels and rates of increase were higher than those occurring during summer and the autumn (Fig. 4) , particularly for 3n oysters.
Pathogens
OsHV-1 detection frequency in 2n and 3n oysters maintained in a mortality-free area in the open sea was 72% (10 out of 14), which is 2 times higher than that reported in Expt 1. However, as observed in Expt 1, quantity of viral DNA remained lower than the threshold values of 10 4 DNA copy number mg −1 wet tissue at which OsHV-1 is considered to be involved in mortality (Fig. 5A) . It is noteworthy that OsHV-1 DNA was not detected in 2n and 3n oysters sampled before field deployment (n = 50 individuals analysed for each group, data not shown) Also, as observed in Expt 1, the level of OsHV-1 DNA increased markedly during mortality events (Table 2) , attaining be tween 10 6 and 10 8 DNA copy number mg −1 wet tissue. When mortalities had stabilised, detection frequency and quantity of OsHV-1 DNA decreased markedly (Fig. 5A, Table 2 ). In contrast to Expt 1, OsHV-1 detection frequency and quantity also increased during the mortality event in autumn 2010. Ploidy level had no effect on detection of OsHV-1 DNA, irrespective of seeding date (Table 2) .
Detection frequency of Vibrio splendidus in 2n and 3n oysters maintained in the open sea was 86% (12 out of 14) and mean concentration was 2.2 × 10 3 DNA copy number mg −1 wet tissue (Fig. 5B) . Detection frequency and quantity in V. splendidus DNA increased markedly in oyster tissues during the mortality event in April 2010, and to a much lesser extent in September 2010 (Fig. 5B, Table 2 ). In contrast, V. splendidus remained undetected during the mortalities recorded Table 1 for details of experimental design). Fractions indicate the number of infected individuals, or nets when several individuals were pooled, compared to the total number analysed. Solid lines: pathogen detection thresholds. Dashed line in (A): threshold above which the herpesvirus is considered to be involved in mortality in August 2010, as previously reported for Expt 1. Ploidy level had no effect on quantity of V. splendidus DNA, irrespective of seeding date (Table 2) .
Rearing structures and sites (Expt 3)
Mortality
Mortalities in oysters transferred to the farming area ('inside') of Thau lagoon on 27 May 2010 and kept in Australian baskets started on 4 June, at ~10% and reached ~80% by 11 June (Fig. 6) . Mortalities in the oysters cemented onto ropes were much lower at this time, reaching only 8% on 11 June. Oysters kept in Australian baskets outside of the farming area ('outside') in the Thau lagoon did not show any mortality between 27 May and 11 June. Therefore, both rearing structures and sites influenced mortality in the Thau lagoon (χ 2 11 June test, p < 0.001; inside / baskets > inside / ropes > outside / baskets).
The next group of oysters was transferred to the farming area of the Thau lagoon on 23 June 2010 and the mortality of these oysters (put in Australian baskets) was compared with that of the remaining oysters from the 27 May transfer cemented onto ropes and held in Australian baskets outside of the farming area. Table 1 . Fractions indicate the number of infected individuals, or nets when several individuals were pooled, compared to the total number analysed. Solid lines: pathogen detection thresholds. Dashed line in (A): threshold above which the herpesvirus is considered to be involved in mortality
As observed in Expts 1 and 2, there was no oyster mortality until 9 August, i.e. as long as seawater temperature remained above 24°C (Fig. 6) . Thereafter, sea water temperature decreased to below 24°C and mortalities severely hit the oysters in Australian baskets, both inside and outside of the bivalve farming area, reaching 57 and 66%, respectively, on 26 August. At the same time, mortalities of oysters cemented to ropes increased by 20% (Fig. 6) . Final cumulative mortalities were different among treatments (χ 2 26 August test, p < 0.001, inside / baskets = outside / baskets > inside / ropes).
It should be noted that the mortalities of the oysters maintained outside of the farming area occurred on 17 August 2010, 5 d after mortality began among oysters maintained inside the farming area (Fig. 6 ). Between 8 and 11 August, currents were relatively strong (> 30 cm s −1
) and oriented at 95°, so that water moved rapidly from the farming area towards the experimental site located outside of it (Fig. 7) . This hydrodynamic configuration was observed twice in July when seawater temperature was > 24°C and no mortality occurred. These data suggest that mortalities spread as a function of hydrodynamics. The final transferral was made on 17 September 2010, with oysters placed once again in Australian baskets both inside and outside of the farming area in Thau lagoon. Mortality attained 18% inside the farming area in mid-October, whereas there was no mortality outside of it at this time.
Pathogens
Herpesvirus. Detection frequency and quantity of OsHV-1 DNA in oysters transferred to the Thau lagoon on 27 May 2010 varied as a function of rearing structures and sites (Table 2, Fig. 8A ). OsHV-1 detection frequency in oysters maintained free of mortality outside of the farming area was only 30% (8 out of 27) compared to 56% (30 out of 54) in oysters exposed to mortality inside the farming area (Fig. 8A , χ 2 test: p = 0.024). Also, the quantity of viral DNA in oysters maintained free of mortality outside of the farming area was only 1.3 × 10 2 DNA copy number mg −1 wet tissue compared with 1.5 × 10 6 DNA copy number mg −1 in oysters held inside the farming area ( Fig. 8A ; planned contrast between group means: inside vs. outside, p = 0.007). Although mortality in oysters cemented onto ropes was much lower than that recorded in Australian baskets inside the farming area, detection frequencies and quantities of OsHV-1 DNA were generally similar between these 2 treatments (Fig. 8A , contrast analysis of inside / baskets vs. inside / ropes: detection frequency, χ 2 test, p = 0.396, quantity, F-test, p = 0.588). It should be noted that, despite the fact that there was no overall Practice × Time effect (Table 2 , where 'practice' includes both rearing structures and sites), detection frequency and quantity of OsHV-1 DNA in oysters cemented onto ropes decreased markedly between 7 June and 11 June, whereas it remained high in oysters held in Australian baskets inside the farming area (Fig. 8A) .
Farming practices and time interacted in their effects on detection frequency and quantity of OsHV-1 DNA in oysters sampled between 15 July and 19 August 2010 in the Thau lagoon (Table 2 , Fig. 8A ). On 15 July, while no mortality occurred and seawater temperature was > 24°C, detection frequency and quantity of OsHV-1 DNA in oysters were similarly low in all treatments (detection frequency, χ 2 test, p = 0.751; quantity, F-test, p = 0.234). On 12 August, detection frequency and quantity of OsHV-1 DNA increased markedly in oysters maintained in Australian baskets, which suffered heavy losses, whereas OsHV-1 was undetected in oysters ce mented onto ropes, which showed no additional mortality ( Fig. 8A ; contrast analysis of baskets vs. ropes on 12 August: detection frequency, χ 2 test, p < 0.001; quantity, F-test, p = 0.004). At this point in time, quantities of OsHV-1 DNA in oysters were: inside / baskets > outside / baskets > inside / ropes. Then, between 17 and 23 August, the quantity of viral DNA decreased markedly in oysters held in Australian baskets, both inside and outside of the farming area, while mor talities stabilised. At this time, OsHV-1 DNA was detected at low levels in oysters cemented onto ropes, which showed additional mortalities (Fig. 8A) . Finally, detection frequency and quantity of OsHV-1 DNA in oysters transferred to the Thau lagoon on 17 September remained low irrespective of site ( Fig. 8A ; detection frequency χ 2 test, p = 0.066; quantity, F-test, see Table 2 ).
Vibrio splendidus. There was no significant effect of farming practice and time on detection frequency of Vibrio splendidus in oysters transferred to the Thau lagoon on 27 May 2010 ( Fig. 8B; wet tissue) was one order of magnitude lower than that of oysters held in Australian baskets inside the farming area (1.4 × 10 3 DNA copy number mg −1 wet tissue, p = 0.020) and similar to that of oysters held outside of the farming area (3.0 × 10 2 DNA copy number mg −1 wet tissue, p = 0.187; Fig. 8B ).
Vibrio splendidus was not detected in oysters sampled between 15 July to 23 August 2010, as observed in Expts 1 and 2. Detection frequency and quantity of V. splendidus DNA in oysters transferred to the Thau lagoon on 17 September and sampled on 30 September were higher in oysters kept inside the farming area, where mortalities were occurring, than in oysters kept outside of the farming area, where no mortality occurred at this time of the year ( Fig. 8B ; detection frequency χ 2 test, p = 0.002; quantity, F-test, see Table 2 ).
Energetic parameters
Overall, the transfer of oysters to the Thau lagoon on 27 May 2010 led to an enhancement of their energetic reserves by 4 June 2010: 1.3 to 1.6 times for total carbohydrate and 1.8 to 3.8 times for TAG, depending on rearing structures and sites. On 4 June, energetic reserves in oysters transferred to the Thau lagoon were ranked as follows: inside / ropes ≥ inside / baskets ≥ outside / baskets (Table 3) . CS activity varied inversely with energetic reserves: inside / ropes ≤ inside / baskets ≤ outside / baskets (Table 3) . Activities of HK, PK and PEPCK were not influenced by farming practices Oysters were deployed inside the farming area in Australian baskets or cemented onto ropes, or outside the farming area in Australian baskets only (n = 3 nets for each rearing structure and site). Oysters were again transferred on 23 June and 17 September in Australian baskets to compensate for the losses due to severe mortality. DNA detection of herpesvirus and V. splendidus were conducted on 3 individual oysters per Australian basket or rope (n = 9 individuals per treatment). Fractions indicate the number of infected individuals or nets when several oysters were pooled, compared to the total number analysed. Solid lines: pathogen detection thresholds. Dashed line in (A): threshold above which the herpesvirus is considered to be involved in mortality (Table 3) . However, the transfer of oysters to the Thau lagoon enhanced the activities of HK, PK and to a lesser extent, PEPCK. PK/PEPCK of oysters maintained in mortality-free areas outside of the farming area was 1.7 times higher than that of oysters held inside the farming area, where mortality occurred (Table 3) .
Analysis of the effect of the pathological status of the oysters suggested that energetic parameters had no effect on detection of OsHV-1 DNA (Table 4) . However, the level of carbohydrate in oysters infected by Vibrio splendidus alone was lower than that of oysters free of both V. splendidus and OsHV-1, and of oysters infected by OsHV-1 alone. Activity of HK, a key enzyme of the glycolysis pathway was lower in oysters infected by V. splendidus and herpesvirus OsHV-1 than in oysters free of these 2 pathogens (Table 4) .
Previous exposure to mortality risks (Expt 4)
One-yr-old 2n and 3n oysters maintained in a mortality-free site in the open Mediterranean Sea in 2010 showed 70 and 25% mortality, respectively, during spring 2011, when seawater temperature attained 17°C (Fig. 9) . In contrast, oysters from the same origin and of the same age previously exposed to a mortality event during the summer 2010 exhibited only ~7% mortality irrespective of ploidy level. An other batch of oysters produced in 2010 showed mass mortality (> 90%) during this period.
DISCUSSION
Seasonality in oyster mortalities and pathogens
The present study clearly shows that oyster mortalities occurred when seawater temperature was between 17 and 24°C during the spring, summer and early autumn in the Thau lagoon (Figs. 2, 5 & 8 wet tissue) in oysters, thus suggesting that these 2 pathogens are involved in triggering the mass mortality phenomenon in the Thau lagoon. Laboratory experiments show that either herpesvirus OsHV-1 or V. splendidus alone can cause death in oysters (e.g. De Decker et al. 2011 , Schikorski et al. 2011a . Although the effect of co-infection by herpesvirus and V. splendidus has not yet been investigated, it is likely that they exhibit synergistic virulence effects. Such a synergistic virulence effect was observed between 2 pathogenic bacterial strains of V. splendidus and V. aestuarianus when they were injected simultaneously into oysters (Saulnier et al. 2010) , and the phenomenon has also been reported in oysters infected with 2 strains related to V. splendidus (Gay et al. 2004 ). During the summer, when seawater temperature was close to 24°C, mortality patterns coincided with the elevated detection frequency and quantity of OsHV-1 DNA, whereas Vibrio splendidus DNA was not detected in oysters (Figs. 3, 6 & 9) . Therefore, it seems that V. splendidus is not necessarily associated with the oyster mortalities. This result agrees with previous studies which show that V. splendidus is frequently, but not systematically, associated with oyster summer mortalities (Garnier et al. 2007 ). Additionally, the fact that V. splendidus DNA is not detected in oysters when seawater temperature is 24°C during the summer likely reflects seasonal influences of environmental parameters such as temperature, salinity and plankton on the Vibrio communities of the Thau lagoon (see e.g. Thompson et al. 2004 , Oberbeckmann et al. 2011 .
During the summer, when seawater temperature was > 24°C, no mortality was observed, and OsHV-1 and Vibrio splendidus DNA were not detected in oysters held in the Thau lagoon (Figs. 2, 5 & 8) . Similar observations were reported in oysters maintained in ponds along the Atlantic coast of France during summer (Bouquet et al. 2011) . In contrast, larvae of Crassostrea gigas experimentally challenged with herpesvirus OsHV-1 exhibited mass mortality at 25 to 26°C (Le Deuff et al. 1996) . Similarly, elevated temperature influences the detection of herpesvirus by promoting an earlier production of viral particles, resulting in a rapid spread of the disease and massive mortalities in juvenile oysters (Sauvage et al. 2009 ). Sauvage et al. (2009) reported that mortality in infected oysters occurred when seawater temperature was 23.8°C. Therefore, it is possible that the upper temperature threshold of virulence of the emergent OsHV-1 μVar genotype is lower than that of the reference strain. Alternatively, arrested oyster mortality and absence of detection of herpesvirus OsHV-1 may also reflect influences of environmental parameters on the dynamics of herpesvirus OsHV-1 μVar.
During autumn, mortalities generally coincided with detection of OsHV-1 and Vibrio splendidus DNA when seawater temperature was >17°C. However, the increase of these 2 pathogens during autumn oyster mortalities was not systematic in the same way as during spring mortalities. For example, autumn mortality of oysters in Expt 1 was only 18% (Fig. 2) and coincided with a slight increase in herpesvirus OsHV-1 and V. splendidus (Fig. 3) . In Expt 2, autumn mortalities were much higher than in Expt 1, reaching 54 and 83% in 3n and 2n oysters, respectively (Fig. 4) , and coinciding with a marked increase in herpesvirus and an increase in V. splendidus exclusively in 2n oysters (Fig. 5) . Therefore, mortality of oysters and presence of their pathogens during autumn varied according to oyster batch characteristics, such as age and ploidy level. However, our results clearly show that autumn mortalities are characterised by the detection of V. splendidus DNA in oysters.
Finally, once seawater temperature dropped below 17°C during autumn, no additional mortality was re - Diploid (2n) and triploid (3n) oysters were maintained in an area free of mortality in the open Mediterranean Sea before being transferred to the Thau lagoon. One subsample of 1-yr-old 2n and 3n oysters was transferred on 23 June 2010 and was exposed to the mortality during the summer (nonnaïve, i.e. exposed group). Another subsample of oysters (naïve group) was transferred later, on 10 January 2011 during the winterly cessation of mortality. Cumulative mortality of 2n oysters produced in summer 2010, maintained free of mortality until transfer to the lagoon on 12 March 2011 is also shown. Seawater temperatures are indicated in grey. Age classes 1+ (> 1 yr olds) and 0+ (> 0 yr olds) are also indicated corded until the following spring. Pathogen analyses conducted on oysters sampled on 12 March 2010 in the Thau lagoon showed that the quantity of OsHV-1 DNA was <10 2 copies DNA mg −1 wet tissue (Fig. 5) . It is therefore likely that herpesvirus is either absent or latent in oysters when seawater temperature is <17°C. Similarly, a 2-yr monitoring study conducted in Normandy showed that detection frequency and quantity of OsHV-1 DNA in oysters are low in the period between October and April, when no mortality occurs . Also, it is generally accepted that overwintering temperatures are not favourable to the growth of pathogenic bacteria of the Vibrio splendidus group (Garnier et al. 2007) . Therefore, the absence of oyster mortality between October and April in the Thau lagoon likely reflects the absence of herpesvirus OsHV-1 and V. splendidus.
Oyster mortalities and pathogens vary among farming sites
Oyster mortalities have occurred every year since 2008 in the Thau lagoon and coincided with high detection frequency and quantity of OsHV-1 DNA (see previous section and Pernet et al. 2010 ). In contrast, oysters maintained at our experimental site in the open Mediterranean Sea showed no mortality between March 2008 and May 2011 (data not shown), and herpesvirus OsHV-1 was generally undetected or only detected at low levels (Fig. 3) . This experimental site, which is at an off-shore mussel farm 7 km from the channels connecting the Thau lagoon to the sea, is 22 m deep and is not connected to the Thau lagoon in terms of hydrodynamics (Fig. 1) . Although seawater temperature at the open sea site was markedly lower than that in Thau lagoon, it was often >17°C during the summer (Fig. 2) . Despite the fact that OsHV-1 DNA was occasionally detected at a low level in oysters deployed in the open sea and that seawater temperature between 17 and 24°C coincided with disease outbreak in the Thau lagoon, there was no mortality in the open sea. This likely reflects the effect of other environmental parameters, but this needs further investigation.
Oysters deployed inside the farming area of the Thau lagoon on 27 May 2010 showed ~80% mortality after only 10 d (Fig. 6 ), which coincided with an elevated detection frequency and quantity of OsHV-1 DNA (Fig. 8A) . Oysters deployed outside the farming area of the Thau lagoon at the same time showed no mortality until 17 August 2010, and herpesvirus OsHV-1 was undetected or below morbidity threshold. Differences in oyster mortality between these 2 sites within the Thau lagoon coincided with differences in detection frequency and quantity of OsHV-1 DNA.
After 17 August 2010, mortalities severely hit the oysters maintained outside of the farming area. This situation likely reflects an effect of hydrodynamics. Between 8 and 11 August, currents were relatively strong and waters moved from the farming area, where mortality occurred and herpesvirus was detected, towards the experimental site outside the farming area where oysters had been free of mortality. The sites therefore became connected via currents. Five days later, mortalities occurred in the oysters maintained outside the farming area, concomitantly with the detection of the herpesvirus (Figs. 6 & 8A) .
Considered together, these results suggest that oyster mortalities coincide with infection by herpesvirus OsHV-1 and that mortality spreads between infected and healthy oysters as a result of hydrodynamic connectivity. Large-scale studies of factors associated with the risk of contracting pancreas disease in farmed salmonids have found that the most important factor is the infectious status of nearby farms, suggesting horizontal spread of salmonid alphavirus between neighbouring farms (Kristoffersen et al. 2009 ). In a hydrodynamic modelling study, Viljugrein et al. (2009) concluded that pancreas disease is likely to be spread by passive drift of salmonid alphavirus in the water current. Another study showed that the hydrodynamic regime partly explained the spatio-temporal distribution of infectious salmon anaemia outbreaks -a disease caused by the infectious salmon-anemia virus (Gustafson et al. 2007 ) -among Atlantic salmon farms. In our study, the observed 5-d delay between outbreaks occurring inside and outside the farming area agree well with the incubation times noted for laboratory cohabitation with oysters infected with herpesvirus OsHV-1 (Schikorski et al. 2011a) .
From a practical standpoint, these results show that it is possible to rear oysters free of mortality in the open Mediterranean Sea. However, these naïve oysters remain susceptible to the disease and still require protection during their first 2 yr.
Oyster mortalities and pathogens vary with farming practices
Our study shows that naïve oysters maintained free of mortality in the open sea and then transferred to the Thau lagoon and put in Australian baskets exhibited mass mortalities during the first 2 yr, suggesting that there is no increase in resistance with age. However, when oysters maintained free of mortality in the open sea were transferred to the Thau lagoon and then cemented onto ropes, the oysters showed onlỹ 30% mortality during the entire production cycle, compared with 80% for those in Australian baskets. It is therefore possible that age and rearing structure interact in their effects on oyster mortality. Also, similar transfer experiments conducted in Brittany revealed that 1-yr-old oysters maintained under mortality-free conditions showed very low mortality the year after, when seeded into an infectious environment (B. Petton pers. comm.). It is therefore possible that the Age × Site interaction affects mortality, as previously reported (Dégremont et al. 2010b) . It should, however, be noted that the ontogeny of resistance to viral and bacterial disease in oysters is virtually unknown. Only a few studies have investigated the ontogeny of the immune system of oysters; these used genomic approaches (Montagnani et al. 2005 , Tirapé et al. 2007 .
Although naïve oysters remained susceptible to infections inducing mortality during their first 2 yr, oysters that survived a mass mortality event were then resistant, as previously reported by Dégremont et al. (2010b) . Oysters that had survived a mortality event were thus naturally selected for resistance to the disease. A positive response to artificial selection was observed following organised divergent selection for increased and decreased survival according to family responses during a summer mortality outbreak in Crassostrea gigas (Dégremont et al. 2010a ). This result was confirmed in the context of the new massive mortalities occurring in France in 2009 (Dégremont 2011) . Together, these results indicate that selective breeding programmes could improve oyster survival. From a practical standpoint, it seems preferable to expose oysters to mortality at an early age in order to select resistant individuals at low cost rather than maintaining naïve oysters that remain susceptible to disease during their first 2 yr in the Thau lagoon.
Mortalities of 2n and 3n oysters were similar during spring, as previously reported by Pernet et al. (2010) . However, during the summer and autumn, mortalities of 2n oysters were double those occurring in 3n oysters. This could reflect an interaction effect between seasons and ploidy levels on reproductive effort (Normand et al. 2008 ) and immunological parameters (Gagnaire et al. 2006) . Differences in mortality between 2n and 3n oysters may not only reflect the effect of ploidy level, but also that of other factors, such as their genetic makeup. It is possible that the 3n oysters used in this study were genetically 'resistant', whereas 2n oysters were more 'susceptible', in addition to any difference conferred by their ploidy level. Although both 2n and 3n oysters exhibited a high quantity of OsHV-1 DNA, 3n individuals contained lower level proliferations and eliminated the viral DNA from their tissue more rapidly than 2n oysters. Similar differences in OsHV-1 dynamics between 3n and 2n oysters were previously reported when comparing oysters selected for resistance and susceptibility to summer mortality (Dégremont 2011) .
Mortalities of oysters in the Thau lagoon were markedly influenced by the rearing structures used. During spring 2010, oysters transferred to the Thau lagoon exhibited ~80% mortality in Australian baskets compared with only 8% in oysters cemented onto ropes. However, detection frequency and quantity of OsHV-1 DNA were similar between rearing structures. Therefore, it seems that high detection frequency and quantity of OsHV-1 DNA do not necessarily coincide with high mortality rate in oysters, as has previously been reported in resistant oysters (Dégremont 2011) . It should also be noted that the oysters cemented onto ropes eliminated the viral DNA from their tissue more rapidly than those held in Australian baskets. Similar differences in virus dynamics were previously reported when comparing 3n and 2n oysters (present study) and resistant and susceptible oysters (Dégremont 2011) . It seems that the capacity to rapidly eliminate the viral DNA is linked with virus resistance and survival in oysters.
Differences in oyster mortalities between rearing structures also coincided with higher quantities of Vibrio splendidus DNA and lower levels of energetic reserves (particularly TAG) in oysters held in Australian baskets compared with oysters cemented onto ropes. The present study shows for the first time that rearing conditions simultaneously influenced mortality, the elimination of OsHV-1 DNA, the proliferation of V. splendidus and oyster energetic status. However, it is not possible to determine causal relationships among these parameters and their relative influence on mortality based on this experiment.
The limited proliferation of Vibrio splendidus and greater elimination of viral DNA among oysters cemented onto ropes likely reflects the lower host density, absence of contact and movement among oysters, and better circulation of water around each individual, compared with oysters held in baskets. Firstly, in our experiment, density of oysters in Australian baskets was at least 6 times higher than that of oysters cemented onto ropes. Dynamics of infectious diseases are related to the density of host populations (e.g. Krkošek 2010 ). High densities of host populations generally lead to increased contact rates between susceptible host individuals and hosts containing pathogens, resulting in increased transmission and persistence of disease, whereas low host densities decrease the rate of encounter between susceptible host individuals and hosts with pathogens, resulting in slower disease spread and, eventually, disease eradication. Secondly, physical contact and movement among oysters under wave action probably enhanced contact rates between susceptible hosts within the Australian baskets. In contrast, there was no physical contact among oysters when they were cemented onto ropes. Thirdly, the circulation of seawater around individual oysters regularly spaced along a rope is probably much better than that occurring within crowded Australian baskets. It is generally accepted that the extent to which flows are modified depends on attributes of the cultivation struc tures such as height and density (e.g. Forrest et al. 2009 ). Small scale hydrodynamics are likely to be an important factor for flushing pathogens from rearing units.
Oysters cemented onto ropes showed higher levels of energetic reserves than oysters held in baskets. This may be because stocking density in Australian baskets was higher than on ropes. For instance, many studies have shown that growth is inversely proportional to stocking density due to intraspecific competition for resources (Holliday et al. 1991 , Côté et al. 1994 , Taylor et al. 1997 , Maguire & Burnell 2001 , Mazón-Suástegui et al. 2008 ) and food depletion within the boundary layer (Fréchette et al. 1989) . Scallops cultured at low densities were thus seen to have a higher carbohydrate content during the summer than those cultured at high densities (Maguire & Burnell 2001) . In our study, rearing structure had a particularly clear effect on TAG, while its effect on carbohydrate was not significant. Alternatively, the lower levels of energetic reserves in oysters held in Australian baskets could also be explained by the fact that they are exposed to shocks caused by wave action, thus causing frequent valve closures and consequently, a decrease in feeding time (Côté et al. 1994) .
During summer 2010, mortality of oysters in Australian baskets was again much higher than that of oysters cemented onto ropes, as observed the previous spring. The situation in 2010 differed in that detection frequency and quantity of OsHV-1 DNA were markedly higher in oysters held in Australian baskets than in oysters cemented onto ropes. Additionally, detection frequency and quantity of OsHV-1 DNA in oysters cemented onto ropes were much lower during the summer than spring. This may be because oysters that have survived a previous exposure to the herpesvirus are better able to limit its proliferation. Vibrio splendidus was not detected in either type of rearing structure in this part of the study, confirming that these bacteria are not systematically associated with oyster mortalities.
Relationships between oyster mortalities, pathogens and energetic parameters
Considered separately, oysters cemented to ropes showed lower mortality, limited proliferation of herpesvirus OsHV-1 and lower levels of Vibrio splendidus (Figs. 6 & 8) , and significantly (p < 0.001) higher levels of TAG than oysters held in Australian baskets (Table 3) . A similar result was found in a previous study where the TAG concentrations in sea scallop larvae treated with an antibiotic were higher compared with scallops exposed to Vibrio spp., suggesting that antibiotic treatment enhanced the condition of sea scallops by reducing the amount of energy allocated to defence (Pernet et al. 2006 ). Viral and bacterial infections also reduce the lipid content in several crustacean species (Stuck & Overstreet 1994 , Stuck et al. 1996 , Floreto et al. 2000 . It is therefore possible that a high level of TAG in oysters could enhance their resistance to pathogen-related mortality events. However, in our present study, the level of TAG was similar in infected and healthy oysters (Table 4 ). Consequently, the higher level of TAG in oysters cemented onto ropes reflects their better nutritional condition, which enhances their resistance to mortality compared with oysters held in baskets.
Carbohydrate concentration and activities of key enzymes related to glycolysis and gluconeogenesis in oysters cemented onto ropes were similar to those held in baskets (Table 3) . Nevertheless, oysters infected by Vibrio splendidus had a lower level of carbohydrate than oysters free of both pathogens and oysters infected by herpesvirus alone (Table 4) . Similarly, young clams Ruditapes philippinarum infected by the pathogen V. tapetis showed a significant decrease in glycogen compared with healthy clams (Plana et al. 1996) . However, it is still unclear why the level of carbohydrate in oysters co-infected by V. splendidus and herpesvirus was similar to that of oysters free of these 2 pathogens (Table 4) .
In our study, activity of HK, a key enzyme of the glycolysis pathway, was lower in oysters infected by Vibrio splendidus and herpesvirus OsHV-1, or both, compared with that of oysters free both of these pathogens (Table 4) . Activity of HK in labial palps of oysters varies with feeding ration (Bacca 2007, p. 123) . Therefore, the reduction in HK activity observed in infected oysters may reflect a decrease in feeding activity, which is symptomatic of pathogen infection in bivalves (Flye-Sainte-Marie et al. 2007 , Genard et al. 2011 .
Oysters cemented onto ropes, which showed lower mortality and pathogen infection and higher levels of TAG, also had lower CS activity than oysters held in Australian baskets (particularly for those maintained outside of the farming area, Table 3 ). Several studies on marine invertebrates have shown that CS activity and respiration rate are positively correlated (Moran & Manahan 2004 , Meyer et al. 2007 ). The lower CS activities in oysters cemented onto ropes could indicate a lower respiration rate compared with oysters held in Australian baskets. However, CS activity was similar regardless of the pathological status of oysters (Table 4) . This result contrasts with a previous report of decreased CS and cytochrome oxidase activities during a mortality event in Crassostrea virginica larvae (Genard et al. 2011) . Similarly, in juvenile Manila clams, respiration rate decreased with the development of brown ring disease symptoms (Flye-SainteMarie et al. 2007) . The relationship between CS activities, aerobic metabolism and pathogen proliferation in bivalves therefore needs further investigation.
CONCLUSION
The present study provides the first comprehensive view of the mass mortality phenomenon in Pacific oysters Crassostrea gigas in the Thau lagoon, French Mediterranean Sea, in relation to 2 pathogens, herpesvirus OsHV-1 and bacteria be longing to the group Vibrio splendidus. Mortalities of oysters always coincided with single or co-infections, involving primarily herpesvirus OsHV-1 and secondarily the bacteria V. splendidus, when seawater temperature ranged from 17 to 24°C. In the Thau lagoon, mortality started in early May and continued until autumn, with an interruption period in July and August when seawater temperature is > 24°C.
From a practical standpoint, the present study shows that oyster mortalities and pathogens varied among farming sites in a way that was consistent with the hydrodynamic regime and connectivity among infected areas. Consequently, it is still possible to rear oysters away from mortality risks, notably at our experimental site located in the open Mediterranean Sea. In addition, levels of oyster mortalities and pathogens varied with farming practices. Naïve oysters remained susceptible to pathogen-related mortality during their first 2 yr, whereas oysters that had survived a mass mortality event in the past were subsequently resistant. This result underlines that selective breeding programmes could improve oyster survival and suggests that growers may benefit from exposing oysters to mortality risks as early in the rearing process as possible to select resistant individuals at low cost. Finally, oyster mortalities were much lower in oysters cemented onto ropes than in oysters held in Australian baskets, reflecting differences in proliferation of herpesvirus OsHV-1, quantities of Vibrio splendidus and energetic reserves of oysters. 
